Marine legislation is becoming more complex and marine ecosystem-based management is specified in national and regional legislative frameworks. Shelf-seas community and ecosystem models (hereafter termed ecosystem models) are central to the delivery of ecosystem-based management, but there is limited uptake and use of model products by decision makers in Europe and the UK in comparison with other countries. In this study, the challenges to the uptake and use of ecosystem models in support of marine environmental management are assessed using the UK capability as an example. The UK has a broad capability in marine ecosystem modelling, with at least 14 different models that support management, but few examples exist of ecosystem modelling that underpin policy or management decisions. To improve understanding of policy and management issues that can be addressed using ecosystem models, a workshop was convened that brought together advisors, assessors, biologists, social scientists, economists, modellers, statisticians, policy makers, and funders. Some policy requirements were identified that can be addressed without further model development including: attribution of environmental change to underlying drivers, integration of models and observations to develop more efficient monitoring programmes, assessment of indicator performance for different management goals, and the costs and benefit of legislation. Multi-model ensembles are being developed in cases where many models [291][292][293][294][295][296][297][298][299][300][301][302] exist, but model structures are very diverse making a standardised approach of combining outputs a significant challenge, and there is a need for new methodologies for describing, analysing, and visualising uncertainties. A stronger link to social and economic systems is needed to increase the range of policyrelated questions that can be addressed. It is also important to improve communication between policy and modelling communities so that there is a shared understanding of the strengths and limitations of ecosystem models.
Introduction
Marine legislation is becoming more complex as a consequence of increasing and more diverse use of the sea [1] . Commitments to marine ecosystem-based management that influence the UK are specified in national and regional legislative frameworks including the Marine Strategy Framework Directive (MSFD) [2] , Common Fisheries Policy (CFP) [3] , and the Water Framework Directive (WFD) [4] . However, the funding to provide the empirical evidence base that underpins monitoring, assessment, and management in support of these policies is decreasing in relative terms, requiring increasingly cost-effective decision tools for operational management and scenario planning. The key requirements for decisionmakers are to understand links between human and environmental pressures and the state of the environment, to determine suitable management measures to meet objectives, to track progress in relation to those objectives, and to assess the performance of management options based on their environmental, social and economic consequences [5] [6] [7] . Shelf-seas community and ecosystem models (hereafter termed ecosystem models) can help to meet these requirements. Specific examples of contributions could include testing the sensitivity of indicators, increasing the costeffectiveness of monitoring programmes, and supporting practical application of theoretical concepts like maximum sustainable yield (MSY).
Ecosystem models often differ fundamentally from models of physical systems because ecosystem dynamics are rarely directly governed by physical laws alone, but result from complex biological feedbacks requiring some form of approximation. Thus, it is usually important to embrace model diversity to account for uncertainty about the most appropriate model structure [8] . Consequently, multi-model ensemble approaches similar to that used by the Intergovernmental Panel on Climate Change (IPCC) for climate projections [9] can be used to convey uncertainty that results from differences in structure; an approach that is starting to be applied to advice on the management of fisheries [8, 10] .
Ecosystem models could make a much greater contribution to the evidence base that underpins policy development and decision-making, because they allow a priori testing of policies and management scenarios and quantification of the risk and uncertainty. In most cases, it is impossible to assess the performance of policies and potential management measures without models. For models to fulfil a greater role in policy development and decision-making, and for the associated advice to be treated as credible, salient and legitimate, the modelling approaches used need to be more transparent, verifiable, and repeatable than they are at present.
Ecosystem models are increasingly used in support of marine environmental assessment, management, and policy development in other parts of the world including the USA and Australia (e.g. [11, 12] ), but are not routinely used in the UK and Europe. In this paper, the prospects for increasing the contribution of community and ecosystem models to the evidence base that underpins assessment, management and policy support is assessed. Focussing on the UK shelf-seas community and ecosystem modelling capability, the range of models available are reviewed, actions expected to increase the uptake and use of these models in environmental management are identified, and priorities for model development, application and presentation are highlighted.
UK ecosystem modelling capability and its impact on policy
Many different global marine ecosystem models have been developed [13] and extensive intercomparisons have been made [14] , but here the focus is on regional models (e.g. shelf-wide, regional sea) as these have the most direct relevance for application to UK marine environmental policy and management including regulation. UK institutes and universities already use many classes of models that represent different components of the ecosystem (Fig. 1 ). These range from models of biogeochemistry and low trophic levels (e.g. [15] ) to size-based approaches (e.g. [16] [17] [18] [19] ) and models of the whole food web (e.g. [20, 21] ). Some ecosystem models have been coupled to physical models and aim to represent the entire system from physics to fishers [22] . Models vary in structure and parameterisation since they have been developed to address different questions by researchers with different philosophies and approaches. For example, ERSEM was originally developed as an end-to-end ecosystem model to study nutrient cycling and planktonic ecosystem dynamics [15] , the Population-Dynamical Matching Model (PDMM) (e.g. [23, 24] ) was constructed to develop theoretical understanding of food-web patterns and biodiversity [25, 26] , and Ecopath with Ecosim (EwE) to assess the impacts of fisheries on food webs and consequences for fisheries (e.g. [27] ).
At least fourteen different marine ecosystem models are being used in the UK (Table 1 and model summaries provided at http:// www.masts.ac.uk/research/marine-ecosystem-modelling/). Few of these models have directly influenced or routinely supported management and policy development, but many are likely to have influenced societal and scientific perceptions about the state of the marine environment. This has had an indirect influence on the emphasis given to ecosystem considerations in contemporary policy (e.g. [28] [29] [30] [31] ). As policy-making is normative and reflects societal values, alongside the evidence base [32] , it is often difficult to ascribe direct links between models and decisions. However, there are some good examples including predicting harmful algal blooms, eutrophication, and comparisons between targets for environmental legislation as explained below.
Operational forecasting and monitoring of water quality enables timely interventions by both stakeholders and the agencies responsible for public health. The AlgaRisk monitoring tool is a prototype that provided warnings of algal blooms to support the statutory obligations of the Environment Agency [33, 34] . This tool combines data from an operational physical-biological coastal model with satellite observations, and the results are available through an internet portal where users can visualise both model output and observations (http://www.neodaas.ac.uk/multiview/ pa/). A demonstration AlgaRisk service was implemented in 2008 to support the European Union Bathing Waters Directive.
Detection and diagnosis of eutrophication is required for a range of EU legislation (e.g. MSFD [2] , WFD [4] ) and by the OSPAR Convention [35] . Following the first assessment of eutrophication for OSPAR, the Netherlands and Germany identified eutrophication problem areas in their marine waters and alleged that inputs of nitrogen from the UK made a significant contribution. The OSPAR Eutrophication Committee tasked the Intersessional Correspondence Group for Eutrophication Modelling (ICG-EMO) to undertake modelling based on OSPAR riverine nutrient reduction scenarios and trans-boundary nutrient transport [36, 37] . This work involved the application of seven ecosystem models by different institutes for pre-defined scenarios, using the same forcing, validation data, methods, and post-processing procedures. The resulting multi-model ensemble was used to assess uncertainty, which substantially enhanced the overall credibility of the results reported to the OSPAR Eutrophication Committee. Their subsequent influence on OSPAR decision making was far greater than would have been achieved by one national source. This modelling work was also used as supporting evidence in a case where the UK successfully defended against the European Commission in the European Court of Justice (Case C-390/07).
Advice on fisheries management is routinely supported by single-species modelling through the UK contribution to the work of ICES assessment groups. Ecosystem models are less widely used, but have been adopted to provide advice on the prospects for meeting single-species management targets simultaneously, and assessing the trade-offs between meeting targets for fisheries management and conservation. For example, three different models have been used to support advice on whether meeting MSY targets for fish in the North Sea under CFP [3] would be sufficient to meet a proposed target for the Large Fish Indicator (LFI) under Descriptor 4 of the MSFD [2, 38] . It was found that, even though the rationale underlying the two targets is very different, they were indeed compatible with each other within the uncertainty of the combined model data (Axel Rossberg, pers. comm.).
3.
Challenges for the uptake of ecosystem modelling by policy makers 3.1. Producing the right information from ecosystem models to inform policy Policy questions are generally formulated much more broadly than scientific hypotheses [7] , so there can be a mismatch between policy needs and the specific outputs produced by models. For example, the Defra Marine and Fisheries Evidence Plan [6] has the high level policy goal "to secure healthy food supplies delivered by a more sustainable fishing industry" that comprises of many different evidence needs including "reducing the adverse impact of commercial fishing". This particular evidence need is subdivided into research needs including "developing an ecosystem approach to fisheries management through evaluating the impacts of different management scenarios". To maximise the utility of models, high level policy goals need to be translated into evidence needs and matched against scientific questions that can be addressed using models.
Model outputs also need to be expressed in a form that is meaningful to policy makers. Knowledge of science, evidence, and policy is required to achieve this, so it is important that policy makers work closely with modellers to ensure a common understanding of, and to maximise the benefits from models. For example, policy questions are often framed in terms of socio-economic consequences, but there is often no simple way to express ecosystem model outputs in this way. Modification or development of models to allow assessment of the impact of different management measures on ecosystems in biological, social and economic value will increase the prospects for use (e.g. [39] Ocean (e.g. MEDUSA) Fig. 1 . Categories of ecosystem models and the parts of the ecosystem that they include. [15, 78] . It is coupled to a number of hydrodynamic models for the north-east Atlantic. It has been validated against in situ data (e.g. [79] ) and satellite ocean colour. In general predictions are reasonable for temperature, salinity, nutrients, oxygen, nutrients, but less good for chlorophyll and plankton, with predictions becoming less accurate at higher tropic levels [79] . Models capture seasonality well and can predict at spatial scales of order 450 km 2 .
ERSEM has been used to assess shelf seas water quality and climate impact, ocean acidification, eutrophication, trophic amplification, and to assess potential climate impacts on harmful algal blooms, fisheries, fisheries economics and food security. For future use, the model is being developed to quantify 'blue carbon', assess nutrient budgets, and simulate changes in ecosystem function and the consequences of such changes in the context of ecosystem services.
EM2 GETM-ERSEM-BFM This is a coupled hydrodynamic and biogeochemical model that is based on the cycling of carbon and nutrients. It represents phytoplankton, zooplankton, bacteria, macroalgae and filter feeder larvae, and has a coupled benthic system. It is available in a North Sea setup and a north-west European shelf setup that have been validated using chlorophyll, SPM, temperature, and ship-based benthic data [80] . [81] . It has been evaluated at the global scale using observational nutrient, chlorophyll and carbon cycle fields. In general, simulations of nutrients, carbon and primary production are reasonable, though less accurate for chlorophyll. MEDUSA was selected from a UK-wide group of models to be the marine biogeochemical component of the UK Earth System Model (UKESM1) that will be used in IPCC AR6 [14] .
The model is currently used at a range of resolutions (up to 1/12 th -degree) to study global-scale ocean biogeochemistry and marine productivity. It is also used to make future projections of ocean biogeochemistry and acidification at the global-scale. In future, the model will provide regional predictions addressing policy issues relating to vulnerability, resilience, and adaptation to climate change. It will also be used (within UKESM1) across the suite of UK simulations submitted to IPCC AR6.
EM4 Population-Dynamical Matching Model (PDMM)
The PDMM is a simple theoretical ecosystem model that can represent typical temperate marine shelf communities, covering species of all sizes from phytoplankton to large fish. The model constructs complex and population-dynamically stable ecological model communities by mimicking the community assembly process of successive invasion. The model can reproduce size-abundance relations, distributions of species richness, species-size distributions, and key patterns in food-web [25] .
The model has been used to understand mechanisms controlling size-abundance relationships, verify the theory of food-web structure, assess the Large Fish Indicator (LFI), and study biodiversity-production relationships for fish. In future, the model could be used to assess the relationship between biodiversity and ecosystem function, and the long-term implications of fisheries management strategies to reach MSY for multiple interacting stocks.
EM5 Strathclyde end-to-end ecosystem model (StrathE2E)
SrathE2E models the dynamics of nitrogen in ecosystem components including detritus, inorganic nitrogen in solution, plankton, benthos, fish, birds and mammals. Key physical, geochemical and biological processes which occur in the sea and seabed sediments are included [82] . Parameters were computationally fitted for a model of the North Sea to minimise the discrepancy between observed and modelled annual cycles and averaged abundances, production rates, and feeding fluxes [82] .
StrathE2E has been used to simulate fishery yields in relation to harvesting rates, trophic cascades, sensitivity of MSY to changes in the environment, and implementation of a discard ban. In future, it could be used to assess sensitivity of fisheries to ocean acidification, disaggregate the effects of environment and fishing, compare observed fishery yields and MSY, project cumulative effects of harvesting and environmental change, and the ecological effects of the discard ban measures.
EM6 Ecopath with Ecosim (EwE)
EwE is an ecosystem modelling framework that quantifies food-web and fishery interactions. Biological components and fishing fleets can be described, and information on landings, discards and economics can be included. EwE has been used to evaluate the trade-offs among fishing strategies in relation to sustainable fishing and mixed fisheries, assess relative impact of fisheries and climate, investigate closed area management, evaluate impact of aggregate dredging, model dynamics of gadoid and demersal fish, and assess ecosystem based management. In future it could be used to assess the spatial impacts of fisheries and climate on the structure and function of ecosystems; quantify the performance of different management strategies; and evaluate the benefits of spatial management policies (e.g. MPA) and impacts of pressures (e.g. oil and gas) on ecosystems.
EM7 Atlantis
Atlantis is a modelling framework that contains a biophysical model that tracks nutrient flows and models consumption, production, migration, predation, recruitment, habitat dependency, and mortality. The physical environment is represented by the major geographical and bioregional Atlantis models are being developed for the North Sea and English Channel that could be used to examine interactions between fisheries, wind farms, MPAs and climate change. The Atlantis framework has been used more extensively in other parts of the world for ecosystem based management (see Table 1 (continued ) Name Description Impact features, and the biological model components are replicated at each depth. Atlantis also includes a detailed exploitation sub-model that is focused on the dynamics of fishing fleets and can address the impact of pollution, coastal development and broad-scale environmental change, in terms of economics, compliance decisions, and exploratory fishing and other complicated real world concerns such as quota trading.
[12] for a general review).
EM8 Strathclyde spatial population dynamics model (StrathSPACE)
StrathSPACE simulates the spatial and temporal dynamics of a single-species population in terms of birth, death, growth and movement of fish [83] . It has been calibrated by tuning a small number of key parameters to minimise error. In each case, the tuned model has then been compared with other independent data that were not involved in the tuning to check for compatibility.
The model has been used to address hypotheses about the mechanisms governing dynamics of copepods [84] , and various fish species including cod [85] and haddock [86] . Model outputs contributed to development of the Cod Recovery Plan in the North Sea [87] . In future, it could be used for blue whiting, copepods, sand eels, and scallops
CCSSM represents the size and abundance of organisms in two coupled size-structured food chains, one based on predation and supported by primary production, and one based on energy sharing and supported by detritus [16] . Species are not represented explicitly. Predictions of size-spectrum were validated in the North Sea by comparing model predictions with empirical data on the size structure of pelagic predators and benthic detritivores [16] .
Applications of this model have included the assessment of fishing impacts on community size structure and abundance in the North Sea [16] , the effects of coupling pelagic and benthic food webs on responses to fishing, and prediction of the medium-and long-term effects of climate change on fish production at regional and global scales [18] .
SSSM is a highly simplified size-based description of the dynamics of marine species, and is unique in the fact that no assumptions about stock-recruitment relationships are made [88] . The SSSM has been shown to reproduce known classical effects at size-spectrum level [88] .
After a more comprehensive validation, it could be used to inform policy makers about high-level ecosystem responses to anthropogenic pressures.
EM11 Multispecies size spectrum ecological modelling in R (MIZER)
MIZER was developed to represent the size and abundance of all organisms from zooplankton to large fish predators in a size-structured food web. An R package has been developed for application of the multi-species size spectrum model to a wide range of systems, which also contains documentation on the model equations and processes. The model provides predictions of the abundance of each species at size, and has been validated for the North Sea [17] .
The model has been used to assess ecosystem responses to fishing and to determine whether meeting management targets for exploited North Sea populations will be sufficient to meet proposed Marine Strategy Framework Directive targets for biodiversity and food web functioning [17] . This modelling framework is being developed for use in management strategy evaluation and in a risk assessment framework.
EM12 Strathclyde length-structured partial ecosystem model (FishSUMS)
FishSUMS represents the population dynamics of a set of predator and prey species. For each species, the model predicts biomass by length class and includes growth, reproduction, density-dependent mortality, and losses due fishing and predation. The model produces biomass, length distributions, annual recruitment, catch, and landings. The cod-focused North Sea model has been validated against ICES stock assessment biomass, recruitment, and landings, and by comparing length distributions with IBTS survey data [89] .
The model has been used to simulate cod yields and MSY in relation to harvesting rates on other species, particularly herring [89] , the historical North Sea LFI and its response to changes in fishing, and changes in fish diet and biomass fluxes in the North Sea. In future, the model could be used as a length-based multispecies stock assessment tool, to make comparisons of fishery yields and MSY, to compare top-down and bottom up processes, and effects of alternative discard ban measures.
EM13 Fish community size-resolved model (FCSRM)
FCSRM represents an ecosystem including fish populations resolved by species and body size, fishing mortality, and zooplankton is included as a food source. The model predicts the types of fish communities that might coexist. This is a dynamic ecosystem size-based model [23] and a representation of the North Sea fish community has been calibrated and validated [17] .
The model has been used broadly to advance ecological theory and to understand how and why ecosystems respond to fishing pressure. The model will continue to be used to address questions about the ecosystem response to different types of fishing, and competing management measures.
EM14 Length-based Multispecies Analysis by Numerical Simulation for the North Sea (LeMANS)
LeMANS is a size-structured multi-species model of a fish community with a realistic distribution of life-history attributes [19] . This approach differs from other size-based models as it maintains both the species identity and the individual population size structure. The model was validated by using fish community properties, biomass estimates from surveys North Sea, and comparisons with six assessed stocks [90] . An ensemble approach has been implemented that are screened against ICES abundance data to produce models that are consistent with data [57] .
The model has been used to assess whether fishing preserves biodiversity [90] . In future it could be used in risk-based decision support including the trade-off between yield and risk of different harvest strategies in a multi-species fish community. Other potential uses include assessment of uncertainty in multi-species reference point estimates, tradeoffs in fleet management, multi-species harvest control rule evaluation, and assessment of signal to noise ratios for fish community indicators.
accept results from single-species fish stock assessment models, despite uncertainties. The contrast may exist because stock assessment models are embedded in a well-established process, and there is international political acceptance of their use as the basis of advice, a good understanding of the models, and confidence in the outputs and their interpretation through quality assurance by scientific experts (e.g. ICES). In many cases, expert judgement is required to interpret the range of model outputs and these procedures can appear opaque to policy makers and lack legitimacy. Expert groups are needed that provide impartial advice on the use of ecosystem models, maintain quality standards for models, publish key validation runs, and provide clear output that can be used by decision makers (e.g. ICES Working Group on Multispecies Assessment Methods [40] ). The UK Earth System Model 1 project builds on the iMARNET experience [14] to provide a common framework for marine biogeochemistry models to sit within and, as such, provides an example of how a community can be united around a common framework with common standards.
Visibility and access to ecosystem model products
Models are often developed by the research community to answer scientific questions and are then used by modelling experts to help decision-makers [11, 12, 41] . For ecosystem models, this process is generally neither robust nor transparent due to the lack of visibility of existing models, difficulties accessing model products, and the absence of documentation of model metadata. This contrasts with the current initiatives on data management and data standards that provide public access to metadata catalogues and databases in order to maximise the use of existing data, and may be due to the volume and complexity of model products. However, this lack of visibility can lead to the false impression that models are not suitable for decision making.
Policy makers have often called for a "decision support toolbox" comprising models that can be used interactively to explore different options when negotiating and formulating policies [42, 43] . Complex ecosystem models can be impractical in this context, as they generally have long runtimes, require trained operators, and produce 'big data'. It is therefore an important aim to increase transparency, and make model products available through web portals (e.g. Copernicus Prototype Marine Core Service -http:// www.myocean.eu/, Marine OPEC -http://www.portaldev/mar ineopec.eu) and include model products in tools designed for use by evidence and decision-making communities (e.g. EMECOhttp://www.emecodata.net/).
Development of ecosystem models and methods for understanding uncertainty
The quantification of uncertainty has clear importance in policy [44] yet uncertainty assessments are open to a range of interpretations that may lead to a different outcome (e.g. [45] ) and communication of uncertainty can have a large impact on the decision making process (e.g. [46] ). Being able to communicate uncertainties presupposes knowing what they are and this is no simple matter: ecosystem models are often extremely complex and associated with many different uncertainties. There are many different classifications of uncertainty, but a simple example relevant to marine ecosystem modelling that has been used in the context of climate change climate includes: ontological (related to underlying processes); epistemological (related to observations and model predictions); methodological (related to model structure); and axiological (related to the world view of the research) [47] . Ontological uncertainties are often accounted for through expert knowledge, and epistemological uncertainties are generally incorporated through assessment of model predictions and knowledge of the observing system.
In the context of methodological uncertainty, there are complex sets of challenges surrounding parameterisation, validation, data sets, uncertainty, visualisation, and ecosystem modelling methods that require further development. These challenges are significant, and a contrast to the physical components of earth system models that are based on well-understood physical laws and scalable processes (e.g. global predictions can be downscaled to regional seas), where the focus of development has shifted towards smaller scales, resolution, speed and numerical implementations. There is also a mismatch between the timescales associated with production of advice (weeks to months) and model development required where models do not produce the outputs needed (years to decades). Hence, there is need to anticipate how models might be used in future in order to produce advice on the timescales required.
New statistical methods are needed to analyse uncertainty in ecosystem (multi-)model ensembles that can be presented to decision-makers in order to understand the risk associated with a particular decision. The successful communication of uncertainties to decision-makers is important for transparency and robust decision-making, thus ensuring management efforts are not misplaced [48] . New visualisation methods are therefore needed to build trust and effectively communicate the outputs and associated uncertainty of ecosystem models to decision-makers and would increase the uptake of ecosystem models.
Increasing the use of ecosystem models in decision making
The question of how to increase the uptake and use of community and ecosystem models to support marine environmental management in the UK and Europe is addressed in this section. The conclusions are based on discussions which took place at a two day workshop that brought together 55 people from 23 organisations across the UK that included advisors, assessors, biologists, social scientists, economists, modellers, statisticians, policy makers, and funders. To understand how to increase the contribution of the models to support policy, it was important to identify policy needs and match them against models that might support these needs. The outcomes included identification of potential quick wins and gaps in existing ecosystem modelling capability in the context of biological sustainability, social benefits, and economic value.
Understanding the policy and management drivers that can be addressed using ecosystem modelling
Climate change, biodiversity, and marine evidence needs have been identified by the UK Government [5, 6, 49, 50] and were translated into tractable modelling questions. These were categorised into the following headings: natural variability and monitoring, management measures, ecosystem goods and services, Good Environmental Status (GES) targets under MSFD [2] and pollution, and environmental change and climate adaptation (Table 2). Since it is often unclear how models have and could be used to support policy, examples of the impact of models on policy and management were identified (Table 1) . A simple mapping exercise was then used to understand the potential contribution of ecosystem modelling in the policy and management arena through comparing available models against evidence needs. The utility (ranked qualitatively as "High", "Medium", or "Low") and timescale for development (1 year, 5 years, 10 years) of each type of model to deliver policy relevant goals were then used to identify:
Gaps -new models or long-term development required.
Quick wins -short development time and high utility. Ensembles -many models and short development times.
A matrix of future ecosystem model impact was developed for the UK (Table 3 ). This highlighted that there were a number of areas where we have many models that can be quickly developed to address questions (e.g. 3B -"What are the costs and benefits of MSFD/WFD/Marine Spatial Planning (MSP) implementation?"), some areas that few models can address (e.g. 5D -"What are the impacts of non-native species on ecosystem state from changes in the environment or transport opportunity?"), and some areas where it was difficult to assess if ecosystem models have any potential (e.g. 3F -"How are different ecosystem services and benefits coupled in a socio-economic system?").
Identifying potential quick wins, ensembles and gaps for ecosystem modelling
The quick wins, potential ensembles and gaps were identified for each theme, with the management measures and ecosystem goods and services themes combined for this purpose (Table 4) . A number of policy and management issues can be addressed immediately and are brought together under the following general headings: (1) attribution of change to underlying drivers; (2) integration of models and monitoring to develop more efficient monitoring programmes; (3) assessment of indicators and the interactions between legislatory descriptors; and (4) cost-benefit of legislation (Table 4) . It was clear that multi-model ensembles could be used in some areas (Table 4) , but the methods for delivering multi-model ensembles for ecosystems still need to be developed. The general methods for multi-model ensembles exist in the climate area [9] , but ecosystem model structures are very diverse (e.g. food-web, size-based, nutrient cycling) making a standardised approach of combining outputs difficult. This is because it is difficult to relate the variables from different models (e.g. relating functional types to size-based groups) and this challenge increases at higher trophic levels. There are programmes underway to develop these methods (e.g. Marine Ecosystem Research Programme -http:// www.marine-ecosystems.org.uk/) and includes the creation of a multi-model ensemble that builds on the ideas of Chandler [51] . The outputs are modelled using a hierarchical structure which separates individual and shared model discrepancies. This approach allows models with different outputs to inform one another through correlations and gives estimates of the true output as well as robust measurements of uncertainty. Additionally, it is possible to introduce a level to the hierarchical structure that groups models that have similar discrepancies, e.g. size-based models. Some examples of model intercomparison also exist (e.g. ocean biogeochemistry [14] , nutrient transfer [36] , fisheries [8] ), but more work is required before multi-model ensembles can be used routinely to support policy development and management.
Potential gaps in existing ecosystem modelling capability were also identified including those relating to non-native species, disease transmission, ocean acidification, coastal zone management, marine protected areas, cumulative effects, socio-economics, and pollution and oil spills (Table 4) . However, this assessment was done in the context of existing ecosystem modelling capability in the UK, and other methods exist internationally (e.g. MARXANhttp://www.uq.edu.au/marxan/ -for marine protected areas, OS-CAR -http://www.sintef.no/home/SINTEF-Materials-and-Chem istry/About-us/Departments/Environmental-Monitoring-and-Mod elling/OSCAR-Oil-Spill-Contigency-and-Response/ -for oil spills).
Developing the link between biological, social, and economic drivers for ecosystem management
Policy questions are often framed in terms of socio-economic value (e.g. Policy Area 3 in Table 2 ), but few ecosystem models express the outputs in these terms. Moreover, there are significant challenges in valuation of the marine environment and there is often a mismatch between the complexity of biological and economic models. The workshop identified a need to develop methods that use the outputs from ecosystem models to drive the valuation of ecosystem services dynamically.
Ecosystem services are the direct and indirect contributions of ecosystems to human well-being, and are made up of tangible goods (e.g. food and raw materials) and less direct and often more intangible services (e.g. the regulation of our climate and the remediation of waste) [52] . The changes in an ecosystem and how this affects value are important for policy development, with changes in ecosystem services determined from empirical data or using models. Often it is the trade-offs among the different services under alternate policies or management strategies that Table 3 Scoring of ecosystem models (model names as in Table 1 ) and their ability to address policy questions (defined in Table 2 ). Scoring system: 0¼ not possible, 1¼ within ten years, 2 ¼within five years, 3¼ within one year (darker grey indicates higher score), and diagonal hashing is not possible to assess here. EM1  EM2  EM3  EM4  EM5  EM6  EM7  EM8  EM9  EM10  EM11  EM12  EM13  EM14  1A  3 
Question
determine the economic and social importance. The simplest way to use ecosystem models to help understand the changes in ecosystem services is to develop linkages between changes in ecosystem function and service. This has been done for Dogger Bank where indicators have been developed of changes in ecosystem services and the changes in the underlying ecological function [53] .
There are a number of more complex ecosystem service frameworks, with one good example being the UK National Ecosystem Assessment Follow On (UKNEAFO [54] ). UKNEAFO describes a set of strategic principles based on the adaptive management approach together with practical tools including models to inform the sustainable management of coastal and marine ecosystem services. A decision support system (DSS) was developed that adapted the Drivers-Pressures-State-Impact-Response (DPSIR) approach to assess changes in ecosystem services and their impact on human well-being, as coastal zones are increasingly affected by environmental change drivers and pressures [55] . This has highlighted key policy issues, and was adapted to include state changes and impacts specifically tailored to ecosystem services and their human welfare effects. Four main marine based scenarios which deviated from a baseline condition were explored and exposed to changes in selected environmental change (e.g. climate, socioeconomic development, political, social and cultural drivers). A set of ecosystem change indicators consistent with the implementation of the MSFD were derived covering processes, intermediate and final ecosystem service delivery, in stock and flow terms [56] . The data needed for these indicators were drawn from national level observations and models. Given the uncertainty surrounding ecosystem functioning and the impact on overall biodiversity of some ecosystem changes, a number of modelling approaches were applied and tested. The UKNEAFO assessed formal models to quantify changes in ecosystem service stocks and flows, and in particular the practicality of coupling land use change, estuarine and coastal and marine models.
The incorporation of feedback between biological, social, and economic systems can be difficult in an ecosystem services framework. This is an issue because feedback loops are important for making accurate predictions of the response of systems to management measures and are inherent in the DPSIR approach. Systems dynamics is an alternative approach that is gaining support in environmental economics and is used to model complex nonlinear systems including the design and analysis of policy. Current knowledge of how the 'system' functions has been used to develop a number of simple conceptual models that may not always encapsulate the entirety of the system, but include significant components (e.g. key habitats, sub-systems, human uses for fishing or renewable energy). These simple conceptual models can help to define information needs to build more information-rich system models that may be quantitative (stochastic or deterministic) or qualitative (narrative-rich models). These enable exploration of the consequences of current or proposed policy for the delivery of ecosystem services and for maintaining the integrity of the system as a whole, where different models can be employed together and the approach is not prescriptive. Promising 'wide spectrum models' that can work across the natural-social science boundary include extended Ecopath with Ecosim models [31] , End-to-End models, and Atlantis [11] .
Methods for analysis and visualisation of model products
The requirement for uncertainty quantification has led to a move from optimising parameter sets that fit observations [17] to finding a range of possible solutions [57, 58] . However, standard Table 4 Potential for use of ecosystem model-derived products in addressing policy needs in terms of quick wins, possible multi-model ensembles (italics), and gaps that cannot currently be addressed.
Theme Quick Wins Gaps
Natural variability and monitoring Distinguishing between the sensitivity and utility of different indicators.
Quantifying uncertainty.
Integration of models with monitoring to increase efficiency.
Identifying current system state.
Improve the ability of models to capture inter-annual variability and long term trends.
Management measures, goods and services
Efficient programme of measures for achieving Good Environmental Status (GES).
Impacts of landing obligations on Maximum Sustainable Yield (MSY) through food webs interactions.
Management strategies for achieving MSY in a mixed fishery.
Effects of fishery management on food webs. Cost-benefit of implementation of legislation (e.g. MSFD,
Water Framework Directive -WFD, Common Fisheries Policy-CFP).
Marginal costs / values of changes in ecosystem services. Links between ecosystem function and services.
Assessing networks of Marine Protected Areas (MPAs) in terms of connectivity, achieving management objectives and socio-economics.
Cumulative effects. Risk of decline of endangered species from CFP reform. Coupling between ecosystem services and benefits in socioecological systems.
Good Environmental Status (GES) target and pollution
Sensitivity of indicators to management measures and identification of better indicators.
Effects of pollution on the marine environment.
Interdependencies between MSFD descriptors.
Impacts of pollutant dispersants.
Interdependencies between different descriptors within MSFD. Model interoperability -modular approaches.
Environmental change and climate adaptation
Regional scale climate impacts and their value. Attributing change in ecosystems to environmental drivers and the systems response.
Impacts of changes in shelf-seas biogeochemistry on ecosystem state, function and services.
Introductions and impacts of non-native species. Animal and human disease. Local effects of pressures. Impacts of ocean acidification. Impacts on the land-sea transition zone. Impacts of geo-engineering. Impacts of offshore structures.
methods of uncertainty analysis are difficult to conduct due to the complexity of ecosystem models and the computational power required to evaluate them (e.g. Markov Chain Monte Carlo [59] ). These problems are not unique to marine ecosystem models and lessons can be learned from other disciplines including: fitting models to observations (e.g. [60] ), examining structural uncertainty in decision models (e.g. [61] ) and ensemble modelling (e.g. [62] ) There is an abundance of scientific literature assessing the methods used to resolve the linguistic uncertainties in communicating model output [63] [64] [65] , but there is little guidance about visualising the outputs and uncertainty from complex models [66] . Many of the techniques used for data visualisation ignore the presence of uncertainties or are only able to depict one source of uncertainty at a time [67, 68] . More recently methods have been developed to depict multiple uncertainties within a single visualisation, although efforts have been hindered by the presence of deep uncertainties and the challenges associated with disentangling various sources of uncertainty [66] .
5. Future challenges for ecosystem modelling that encompass natural, social, and economic systems A clear limitation to the development of policy-relevant ecosystem models is the maturity of the underlying science. The link between biodiversity, ecosystem function and the flow of ecosystem services is being addressed, but is not yet well enough understood or described to fulfil the requirements for management and policy advice [69] . Concepts that are underpinned by strong evidence are regularly questioned (e.g. global warming) and others accepted before the science is fully resolved. For example, biodiversity is often "protected" because of the assumed link between biodiversity and ecosystem function and services (MSFD) although in reality this link is complex, widely debated and often recognised as context dependant [69] . There is no absolute point at which a model is sufficiently advanced to support management and policy advice, as this depends on many political and societal factors as well as the development and presentation of the science. Consequently, clear communications between scientists, modellers, statisticians, managers and policy makers is important to build understanding of the capabilities of models and the associated uncertainties.
Ecosystem functions are believed to be reliant on the organisms that inhabit the ecosystem, but predicting the functionality and how it changes with different pressures is a significant challenge. However, these uncertainties do not prevent the development of models that include biodiversity or functionality based on knowledge of the species assemblages, but this does require understanding of the limitations of scientific knowledge of the drivers of these relationships. The relative uncertainty varies depending on the ecosystem service under consideration; for example, primary production is easier to address than detoxification of xenobiotics, for which we have less specific knowledge. Progress is being made and mapping of biodiversity, habitat type and related functions and service provisions is becoming more common in terrestrial systems [70] , with more information on coastal and marine systems emerging. The valuation of service in marine systems is also more problematic since the benefits of marine ecosystem services provision are less tangible than in terrestrial systems and methods of valuation (both monetary and non-monetary valuations) are more difficult to apply [71] . Hence, providing a common (comparable) currency across terrestrial and marine system can be difficult. However, the application of ecosystem models will help to focus on the most urgent issues to be addressed.
Much environmental decision-making assumes smooth causeeffect relationships, but there is increasing evidence of regime shifts at a number of different scales in both tropical and temperate marine ecosystems (e.g. [72] [73] [74] [75] ). Knowledge of 'tipping points' is empirical and conjectural, so their prediction is a huge challenge. Changes in global circulation will also affect shelf-models and represent another challenge over the next decade (e.g. [76] ). Most models have to be constrained within defined spatial and temporal boundaries, and for natural systems focus on, for example, habitats, populations, or ecosystems. Social-ecological systems scales are more complex, partly because people who interact with marine systems live on the land, so operate on different scales to the natural systems they exploit. This scale mismatch presents a further challenge for modelling.
Coupled social-ecological systems suffer from 'locked-in' processes that have a profound effect on the potential options for their management. These factors can be modelled when they are properly understood but many feedback processes have not been identified as yet and can only be suspected from non-linear causeeffect behaviour, making them very difficult to model. All systems have rate limiting steps or choke points that can simplify modelling. Complex social-ecological system modelling has an added dimension, the 'on-off' behaviour of the decision-making process. This provides a challenge for 'stock and flow' models for example. Modelling the factors affecting human decisions is complex and culturally dependent, making predictions using models a significant challenge (e.g. fisher behaviour [77] ).
Conclusions
These conclusions have been developed from this assessment of UK ecosystem modelling, but some of the challenges and solutions apply internationally. While some countries may at present be more comfortable with deploying ecosystem models to guide management and policy than others (e.g. Australia, USA), there is still a large gulf between modellers and decision-makers, and the full utility of ecosystem models has not yet been realised.
To increase the uptake and use of ecosystem models and better support marine environmental management and policy, it is important to Ensure that decision-makers know where and how ecosystem models can be used in the context of the limited resources for evidence generation.
Build multidisciplinary communities of policy makers, data collectors, modellers, statisticians, and socio-economists that speak a common language and work together to develop, apply, review and compare ecosystem models.
Define and employ rigorous quality standards to satisfy legal challenge in policy and management decisions that ensure model-derived products are available and robust.
Put in place programmes to fill existing knowledge gaps that can only be addressed using contributions from models (e.g. linking biological sustainability, social benefits, and economic values, address the challenges of modelling dynamic systems).
Maximise the pull-through of new modelling techniques to ensure that the latest science is being used to underpin decision-making. 
